Abstract-Insulation failure is a significant driver of failures in electromagnetic coils, which are used, for example, in motor and solenoid applications. A promising method of assessing the health of insulation in electromagnetic coils is the use of broadband terminal impedance measurements. Previous research has focused on the resonant frequency of the coil impedance response as a feature to reflect insulation health. This paper performs a sensitivity analysis of an equivalent circuit model for the electromagnetic coil in order to survey the frequency spectrum for frequencies that can be applied in insulation health monitoring. The results show that while resonant frequency is sensitive to changes in the insulation, there are frequencies around the resonant frequency that are many times more sensitive to these changes, and hence should be preferred for insulation health monitoring purposes. With this knowledge, health monitoring system designers can understand where in the frequency spectrum insulation health data can best be located, allowing for an effective health monitoring system design.
I. INTRODUCTION Electromagnetic coils are common components used ubiquitously in industries such as oil and gas, chemical processing, and aerospace for induction motors, solenoid valves, and alternators. The coils are constructed using magnet wire, which is generally a purified, soft-drawn copper covered in insulation (which is also referred to as enamel). Insulation failure is a significant cause of electromagnetic coil failure, contributing to between one-quarter [1] , [2] and one-third [3] of failures in induction motors, and over one-half of solenoid valve failures in the United States nuclear power plants [4] .
Traditional approaches to monitoring the health of electromagnetic coil insulation include measurement of electrical parameters of the insulation. In this manner, the entire coil is held at a voltage while a ground plane is connected to the exterior of the insulation, effectively using the insulation as a dielectric. Parameters measured are insulation capacitance, insulation resistance, power factor, and dissipation factor [5] .
This method is limited by the fact that access to the insulation in an electromagnetic coil is not always possible.
Terminal impedance monitoring of electromagnetic coils has been suggested as a way to monitor insulation health in-situ [6] [7] [8] [9] [10] . In this method, the broadband impedance of the electromagnetic coil is measured and the health of the insulation inferred from the measurement. In [7] [8] [9] [10] , focus was placed on reduction of the electromagnetic coil resonant frequency as a means of understanding the insulation health. However, in [11] and [12] , it was demonstrated that the resonant frequency does not always decrease. Further, it was shown that resonant frequency may not be the most sensitive parameter to changes in the insulation electrical parameters.
In this paper, an equivalent circuit model (ECM) is used to find regions of high sensitivity to changes in the insulation electrical parameters. Traditional parameter sensitivity analysis is used to analyze the ECM impedance spectrum with respect to the parameters used to model the electromagnetic coil insulation. The results of the analysis are then compared with the previously mentioned results. An experiment is presented and the results are compared with the ECM sensitivity analysis.
II. ELECTROMAGNETIC COIL EQUIVALENT CIRCUIT MODEL
In this section, the concept of an equivalent circuit model is explained first. Then, the equivalent circuit model for an electromagnetic coil is introduced. Finally, the electrical parameters used to model the behavior of the insulation are analyzed using traditional sensitivity analysis.
A. Equivalent Circuit Modeling
An electromagnetic coil is a system used to transform electrical energy into mechanical energy, or vice versa. It has inductive effects from the coiled conductor, resistive effects from the finite resistivity of the conductor, and dielectric effects from the insulation used to electrically isolate the conductor. An illustration of an electromagnetic coil is shown in Fig. 1 . An equivalent circuit model (ECM) is intended to replicate the electrical behavior of a system, while providing a mathematical model that can be used for analysis [13] , [14] . The inductive, resistive, and dielectric effects in the electromagnetic coil can be summed into a lumped ECM as shown in Fig. 2 (the word "lumped" is used to distinguish this from a "distributed" model such as a transmission line model). The ECM shown in Fig. 2 is similar to the ones used in [15] , [16] to model inductors and the one used in [17] , [18] to model solenoid valves. The difference lies in the addition of a resistor, , to model insulation resistance. The impedance of this circuit is given in (1). (1) As with all ECMs, this model is approximate, however, it does behave as expected at DC excitation:
, where is frequency in radians/second.
B. Resonant Frequency Analysis
In order to understand the resonant frequency of the ECM, the impedance is first split into its real and imaginary parts. The real part of impedance is called "resistance" and the imaginary part is called "reactance." Resonant frequency is defined as the frequency at which reactance is equal to zero. Setting the numerator of the expression for reactance equal to zero yields the resonant frequency as shown in (4). (4) This expression produces two important observations. First, as was shown in [7] [8] [9] [10] , the resonant frequency is inversely proportional to the value of insulation capacitance. This means that using resonant frequency can be useful to gaining information about the value of insulation capacitance. Second, resonant frequency is insensitive to changes in insulation resistance. However, Younsi et al. [19] showed that insulation resistance can be a measure of the degradation state of insulation. Therefore, using resonant frequency alone as a health indicator is insufficient.
C. Parameter Sensitivity Analysis
Sensitivity analysis is a tool used to understand how input variables affect the output behavior of a model [20] . This is classically done in a one-at-a-time (OAT) fashion by examining the partial derivative of the model output with respect to each parameter of interest. Given a model output , where is the set of input variables, the local sensitivity index measuring the effect on of perturbing the variable is given by (5). (5) For the electromagnetic coil ECM, the interest is in understanding how the coil impedance reacts to changes in the insulation parameters, and . To this end, the partial derivatives of resistance and reactance with respect to insulation capacitance and insulation resistance, , , , and respectively are computed and shown in (6), (7), (8) , and (9) . Their spectra are shown below in Fig. 3 and Fig. 4 for various values of insulation capacitance.
In the plots shown in Fig. 3 , one can observe the frequencies at which resistance and reactance have the highest sensitivities to changes in the value of insulation capacitance. The frequency where crosses zero is the resonant frequency. The maxima and minimum of the functions indicate frequencies of highest sensitivity to changes in the insulation capacitance. From the plots shown in Fig. 4 , the maximum and minima show the frequencies at which the resistance and reactance are most sensitive to changes in the insulation resistance. The frequency where crosses zero is the resonant frequency. It is clear from these computations that the frequencies that are most sensitive to changes in the insulation electrical parameters are just below and above the coil resonant frequency. In the simulations shown in this paper, the maxima and minima of the sensitivity curves are within % of the resonant frequency.
As was mentioned earlier in this paper, others have proposed using resonant frequency as a health indicator. According to the ECM resonant frequency analysis, the resonant frequency is not dependent on insulation resistance. However, in order to compare the sensitivity of resonant frequency to changes in insulation capacitance with the frequencies shown in Fig. 3 , the partial derivative of resonant frequency with respect to insulation capacitance in shown in Fig. 5 .
It should be noted that even as a health indicator that takes insulation capacitance into account, resonant frequency is orders of magnitude less sensitive than measurement of impedance just below and above resonance. This can be observed by comparing values shown in Fig. 3 to those in Fig. 5 . At each of the frequencies shown in Fig. 3 , the maximum sensitivity coefficients are between one and three orders of magnitude larger than the sensitivity coefficient for the resonant frequency at the same frequencies.
There are instances shown in [11] and [12] where the resonant frequency changes very little, while impedance measurements are frequencies just below and above the resonant frequency show much greater changes. This is an important finding for designers of systems to be used in health monitoring of electromagnetic coil insulation. 
III. LIMITATIONS IN ECM ANALYSIS
The use of an ECM has limitations, which relate to the frequencies at which it can be applied experimentally. First, the frequency is limited due to the presence of "inductance loops" in electromagnetic coils. This effectively introduces multiple impedance maxima after the primary resonance. Second, lumped-parameter ECMs are known to be accurate only at frequencies where , where is the operational wavelength, and is the characteristic length of the circuit (in the case of an electromagnetic coil, this can be taken as the length of the conductor). Hence when applying the findings in this paper to experimental data, these limitations must be understood and taken into account.
IV. EXPERIMENT
To test the hypotheses presented in the ECM sensitivity analysis, an experiment was performed on an electromagnetic coil. The coil was constructed on a round bobbin with AWG 38 magnet wire with polyester-imide insulation material. The nominal DC resistance of the coil was about . In this experiment, a 50% de-ionized water and 50% sulfuric acid solution was dripped onto the coil once every 12 hours. The impedance spectrum was measured across the coil terminals continuously throughout the experiment at 501 frequencies ranging from 20 Hz to 2 MHz, with an AC voltage signal of 500 mV root mean square magnitude. A short was formed in the coil after about 51 hours. The resistance and reactance experimental data is shown in Fig. 6 . Fig. 6 . Resistance (above) and reactance (below) experimental data during exposure to a 50% de-ionized water/50% sulfuric acid solution. The left-most curve in both plots is the healthy electromagnetic coil impedance spectrum, and the "Time increasing" arrow indicates the evolution of the spectra as the insulation degraded.
One way to understand the migration trend of the impedance measurements at each frequency is to use the Spearman correlation coefficient. The Spearman correlation coefficient measures the linear or nonlinear monotonic correlation between two variables. The plot showing the Spearman correlation coefficient computed between aging time and impedance measurements at each frequency can be referred to as a Spearman correlation spectrum and is given in Fig. 7 . In Spearman correlation spectrum, it is shown that generally below resonance, both resistance and reactance are monotonically increasing (i.e., they have a positive slope), while above resonance, reactance increases and resistance decreases. The addition of water and sulfuric acid to the coil will increase the capacitance and decrease the resistance of the coil insulation since this exposure is essentially adding a dielectric in parallel with the insulation. The dielectric constant of both water and sulfuric acid is higher than that of polyester-imide. The data shown in the Spearman correlation spectrum supports the results of the ECM sensitivity analysis, however, some interpretation is necessary. Operating under the assumption that the insulation capacitance (capacitance of the insulation in parallel with the capacitance of the acidic solution) increases, then according to the ECM sensitivity analysis, reactance should increase at frequencies below and above resonance, but should decrease at resonant frequency; resistance should increase at frequencies below resonance and decrease at frequencies above resonance. Assuming that insulation resistance (resistance of the insulation in parallel with the resistance of the acidic solution) decreases, then according to the ECM sensitivity analysis, resistance should increase at frequencies below and above resonance, but should decrease at resonant frequency; reactance should decrease at frequencies below resonance, and increase at frequencies above resonance. Hence, there are competing influences on how resistance and reactance evolve within regions of the frequency spectrum. This is most noticeable at frequencies below about 2 kHz, where both resistance and reactance should increase with increasing insulation capacitance, resistance should increase with decreasing insulation resistance, and reactance should decrease with decreasing insulation resistance. There is a slight dip in the correlation in this frequency region, but both are mostly increasing monotonically. Hence, it appears to be the case that insulation capacitance changed more (or is perhaps more influential) than insulation resistance. From the Spearman correlation spectrum, it appears that the impedance measurements follow the hypotheses presented in the ECM analysis, but with capacitance changing more than insulation resistance. Plots showing time series for resistance and reactance measurements are given in Fig. 8 and Fig. 9 . Within these plots, the value of the Spearman correlation coefficient is given along with the percent change of the time series, where Fig. 7 ), which is shown in the text box within the figure. The percent change is also shown in order to provide a sensitivity comparison. Fig. 9 . Time series of reactance measurements at two frequencies. The frequencies were chosen according to the value of the Spearman correlation coefficient (see Fig. 7 ), which is shown in the text box within the figure. The percent change is also shown in order to provide a sensitivity comparison.
Finally, assuming the insulation capacitance increases, resonant frequency should decrease, since it is inversely related to insulation capacitance. The resonant frequency data is shown in Fig. 10 . It must be noted that the percent change in the resonant frequency is between 1.2 and 22.3 times lower than the percent changes shown for the time series in Fig. 8 and Fig. 9 . This confirms an important conclusion of the ECM sensitivity analysis: resonant frequency, as a health indicator, is less sensitive than the impedance measurements at frequencies around resonance.
While this specific degradation process is unlikely to occur in operation, it demonstrates the effectiveness of the ECM sensitivity analysis in predicting frequencies in the impedance spectrum that are sensitive to changes in the insulation electrical parameters. Further, the changes in these electrical parameters can be used to provide an indication of the health of the insulation and thus, can be used as inputs to electromagnetic coil health monitoring schemes. V. IMPLEMENTATION In this paper, a method is presented to monitor the impedance of an electromagnetic coil in order to measure the health of the coil insulation. Furthermore, in contrast to previous studies, we are contending that monitoring the electromagnetic coil resonant frequency is much less informative than monitoring a small range of frequencies around resonance. Within this paper, the most sensitive frequencies are within % of the resonant frequency, and the impedance measurements at these frequencies are between one and three orders of magnitude more sensitive than measuring the resonant frequency.
It is anticipated that in implementing this method, the user would periodically measure the impedance at this small range of frequencies around the electromagnetic coil resonant frequency. The required level of the AC voltage signal is low and generally will not interfere with the operation of most electromagnetic coils [11] . The impedance measurements at these frequencies should be trended over time and the part should be replaced when an unacceptable level of degradation has been reached.
One current limitation of the impedance measuring method is the lack of a general threshold across different coils. When performing health monitoring, it is typically necessary to have a failure threshold, beyond which the component is labeled as failed. However, due to the variety of insulation materials used in electromagnetic coil design, there is so far, no threshold that can be generalized across the different materials. Some materials are able to undergo greater amounts of degradation before failure than others. Hence, it is imperative that future research attempt to quantify the level of allowable migration before repair or replacement is necessary.
VI. CONCLUSION
The failure of insulation in electromagnetic coils leads to the failure of the coil and is a significant driver of failures in induction motors and solenoid valves. In this paper, the use of broadband impedance measurements in assessing the health of electromagnetic coil insulation was explored. An equivalent circuit model of the electromagnetic coil was presented and analyzed for sensitivity to changes in the insulation electrical parameters.
The presented sensitivity analysis showed that within the impedance frequency spectrum, there are frequencies that are highly sensitive to changes in insulation capacitance and insulation resistance. In the simulations shown in this paper, these frequencies are within % of the resonant frequency. The results of this analysis are in contrast with some previous work, which asserted that the resonant frequency should be used as an insulation health indicator. Yet, in this paper, the most sensitive frequencies were between one and three orders of magnitude more sensitive to changes in insulation capacitance than resonant frequency. In the presented experiment, the most sensitive frequencies were between 1.2 and 22.3 times more sensitive than measuring the resonant frequency, corresponding to a maximum of two orders of magnitude additional sensitivity.
Two important benefits are gained under the proposed approach. First, in order to accurately measure resonant frequency, one must either measure impedance with high resolution, or use interpolation techniques to find the frequency where reactance is equal to zero. Under the proposed approach, it is not necessary to measure with such high resolution since there is a range of frequencies that are highly sensitive to changes in insulation resistance and insulation capacitance. Second, the resonant frequency is insensitive to changes in insulation resistance, but impedance at frequencies just below and above the resonant frequency are sensitive to changes in both insulation capacitance and insulation resistance.
